Abstract Matrine has shown therapeutic and/or adjuvant therapeutic effects on the treatment of some patients with breast cancer. However, its mechanisms of action are largely unknown. To disclose the mechanisms, we investigated in vitro and ex vivo effects of matrine on the cancer cells. Our results confirmed that matrine significantly suppressed the proliferation of highly-metastatic human breast cancer MDA-MB-231 cell line. Matrine displayed synergistic effects with existing anticancer agents celecoxib (the inhibitor of cyclooxygenase-2), trichostatin A (the histone deacetylase inhibitor) and rosiglitazone against the proliferation and VEGF excretions in MDA-MB-231 cells. Matrine induced the apoptosis and cell cycle arrest by reducing the ratios of Bcl-2/Bax protein and mRNA levels in the cancer cells. Matrine significantly reduced the invasion, MMP-9/MMP-2 activation, Akt phosphorylation, nuclear factor jB p-65 expression and DNA binding activity, and mRNA levels of MMP-9, MMP-2, EGF and VEGFR1 in MDA-MB-231 cells. Collectively, our results suggest that matrine inhibits the cancer cell proliferation and invasion via EGF/ VEGF-VEGFR1-Akt-NF-jB signaling pathway.
Introduction
Breast cancer is the second leading cause of cancer related deaths among females worldwide (Jemal et al. 2008; Park et al. 2008) , and its rate in China and other Asian countries is also increasing rapidly (Park et al. 2008; Ziegler et al. 2008) . To find novel natural compounds with low toxicity and high selectivity of killing cancer cells is an important area in cancer research. To date, chemotherapy has been the most frequently used treatment for breast cancer and other cancers. However, some normal cells are destroyed as well by this method of treatment. Due to their wide range of biological activities and low toxicity in animal models, some natural products have been used as alternative treatments for cancers including breast cancer. Matrine is a naturally occurring small-molecule compound from Traditional Chinese Medicine Sophora flavescens Ait. In China, matrine as a clinical drug has been used to treat breast cancer as well as other diseases such as viral hepatitis, cardiac arrhythmia and skin inflammations. The chemical structure of matrine is shown in Fig. 1A . Matrine induced the apoptosis of murine hepatoma cells in vitro and in , and Bay (10 lM) in the absence or presence of the synergistic anticancer agents S (20 lM), T (25 and 50 lg/L), and Ro (10 lM). The data are presented as the mean ± SD (Bar) for each group (n = 6). The figures (B, C and D) are the representative of 3 similar experiments performed. * P \ 0.05. Values with different letters (a-f) differ significantly (P \ 0.05). g/s, e/s and f/s represent the significant synergistic effects (MA50 ? S20, P \ 0.001; MA100 ? S20, P \ 0.001, two-way ANOVA; MA50 ? T50, P \ 0.001; MA100 ? T50, two-way ANOVA; MA50 ? Ro10, P \ 0.001, two-way ANOVA) compared with the treatment with its individual compound alone vivo as well as inhibited tumor growth (Ma et al. 2008) . Matrine also inhibited the invasiveness and matastasis of human malignant melanoma cell line A375 . However, the mechanisms of action of matrine against cancer such as human breast cancer are largely unknown. In this study, we investigated the effects of matrine on proliferation and invasion of highly-metastatic human breast cancer cells and its mechanisms of action. We confirmed that matrine inhibited the proliferation and invasion of the human breast cancer cells as well as induced the apoptosis and cell cycle arrest in the cancer cells. We have demonstrated that the anticancer activities of matrine are associated with Akt signaling and its upstream and downstream targets by suppression of the related proteins and mRNA levels as well as reduction of activation of MMP-9 and MMP-2 in the cancer cells. Matrine also displayed synergistic effects with anticancer agents against the breast cancer cells.
Materials and methods

Chemicals and antibodies
Matrigel and Boyden chambers were purchased from BD Bioscience (Bedford, MA) and Costar (Corning, NY), respectively. The primary antibodies to human Bcl-2, Bax, nuclear factor (NF-jB p-65), Akt, p-Akt, and b-actin were purchased from Cell Signaling Technology Inc. (Beverley, MA Animal experimentation and preparation of sera from matrine-fed rabbits These were done according to our published methods with slight modifications (Zhang et al. 2000) . In brief, New Zealand White female rabbits (3.5-4 kg; from Luye Pharmaceutical Company, Yantai, China) were treated in accordance with guidelines established by the Animal Care and Use Committee at Yantai University. Matrine was orally intubated into the rabbits once daily at a dose of 10 mg/mL/kg body weight for 3 days. On the third day, the blood was then collected at 0, 0.5, 1, and 2 h from the rabbits (fasted for 16 h) after oral intubation of matrine. The prepared sera were aliquoted, and stored at -80°C until ex vivo assays.
Cell culture and in vitro and ex vivo proliferation assays
The highly metastatic human breast cancer cell line MDA-MB-231 was obtained from the American Type Culture Collection. The cell line was cultured in DMEM medium containing 10% FBS, glutamine (2 mM), penicillin (100 U/mL) and streptomycin (100 lg/ml) at 37°C in a humidified incubator with 95% air/5% CO 2 atmosphere. The in vitro and ex vivo assays were done according to our published methods (Zhang et al. 2000 (Zhang et al. , 1999 . The cells in control group were treated with DMSO (0.1%, final concentration). The cells were cultured in DMEM supplemented with 10% FBS (in the case of in vitro assay) containing different concentrations of matrine or in combination with or without an existing anticancer agent (celecoxib, trichostatin A, carmofur, navelbine, rosiglitazone, lovastatin, Ly294002 and Bay), or 10% the prepared rabbits sera (in the case of ex vivo assay) mentioned above. The rate of relative cell proliferation was measured 24, 48 and 72 h after the treatments using a MTT assay kit. Each experiment was repeated three times.
Apoptosis assays and cell cycle analysis
These were done according to our published methods (Zhang et al. 2000) . The treated cells were stained with Hoechst 33258. The morphological changes in the nuclear chromatin were observed under a fluorescent microscope (Nikon, TE2000-U, Japan), using 409 lens. For flow cytometry for cell cycle analysis and apoptosis, the treated cells were labeled with propidium iodide solution containing RNase A. The DNA content was analyzed by flow cytometry (Becton Dickinson FACS Vantage SE, San Jose, CA).
In vitro invasion assay
Tumor cell invasion was measured by examining cell invasion through matrigel-coated polycarbonate filters, using modified transwell chambers. MDA-MB-231 cells (5 9 10 4 ) were seeded into the upper chamber in 200 lL of serum-free medium containing matrine at different concentrations; the lower compartment was filled with 0.66 ml of DMEM medium supplemented with 10% of FBS. The cells in control group were treated with DMSO (0.1%, final concentration). After incubation for 16 h at 37°C, the cells that invaded to the lower surface of the filter were fixed and stained using propidium iodide. The cells on the upper side of the filter were removed using a rubber scraper. The invaded cells on the underside of the filter were counted and recorded for images under a fluorescent microscope (Nikon, TE2000-U, Japan). Experiments were performed in triplicate.
Gelatin zymography
This was performed according to the method of Cheung et al. (2006) The supernatants from the upper chamber of the transwell chamber in the aforementioned invasion assay, which was serum-free, were analyzed for MMP-9/MMP-2 activation. Each experiment was repeated three times.
Western blot analysis
The cells were treated with either matrine at the different concentrations, or 10% of rabbit sera prepared as mentioned above, respectively and collected at 45 min (for detection of p-Akt) or 48 h. The cells in control group were treated with DMSO (0.1%, final concentration). The treated cells were analyzed by Western Blotting according to the method of Chen et al. (2001) .
Cell fractionation and electrophoretic mobility shift assay Cells were grown and treated as indicated. They were then pelleted by centrifugation at 1,000 rpm for 5 min at 4°C and resuspended in ice-cold buffer A (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethysulfonylfluoride (PMSF), 1 lg/mL leupeptin, 5 lg/mL aprotinin). Following the addition of 25 lL 10% NP40, the suspension was vortexed and centrifuged at 14,500 rpm for 1 min at 4°C; the supernatant was designated as the cytoplasmic fraction. Nuclei were resuspended in 50 lL of ice-cold buffer B (20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 25% glycerol, 1 lg/mL leupeptin, 5 lg/mL aprotinin) and centrifuged at 14,500 rpm for 5 min. The supernatant was used as the nuclear fraction and protein concentration determined by the Bradford method. Electrophoretic mobility shift assay (EMSA) was done with 10-lg nuclear protein using the Biotin 3 0 End DNA Labeling Kit (Pierce, Rockford, Product # 89818) and Biotinlabeled NF-jB consensus oligonucleotide (5 0 -AGT TGA GGG GAC TTT CCC AGG C-3 0 ). Nuclear protein-DNA complexes were separated by 4% PAGE. Transferred DNAs were UVcross-linked to the membrane and detected using horseradish peroxidase-conjugated streptavidin (LightShift TM chemiluminescent EMSA kit, Pierce, Rockford, Product # 20148) according to the manufacturer's instructions.
ELISA for detection of human VEGF protein levels secreted by human breast cancer cells For detection of effects of matrine and its synergistic anticancer agents on the secretion of vascular endothelial growth factor (VEGF) in MDA-MB-231 cells, the cells were treated for 48 h with the indicated concentrations of matrine and the anticancer agents mentioned above. Then each supernatant of the cell culture was respectively collected and analyzed by ELISA using a kit (VEGF) from R & D Systems (Minneapolis, MN). ELISA was done according to the instructions of the manufacturer. Each experiment was repeated three times.
Semi-quantitative reverse transcription-PCR
Total cellular RNA was extracted using TRIzol reagent (Invitrogen, USA) from the cancer cells treated for 48 h with matrine at different concentrations or the prepared rabbit sera mentioned above, respectively according to the manufacturer's instructions, and quantified by spectrophotometry. The cells in control group were treated with DMSO (0.1%, final concentration). RT reaction was done using total RNA as a template and a RT-for-PCR kit (Promega, Madison, WI PCR conditions for the expression of human genes included an initial denaturation of 3 min at 94°C followed by 30 cycles of denaturation for 45 s at 94°C, annealing for 1 min at 60°C, and extension for 1 min at 72°C. Aliquots (10 lL) of the amplification products were separated by electrophoresis through a 1.5% agarose gel and visualized by ethidium bromide staining. The intensity of each band was quantified using Scion Image software (Scion, Frederick, MD). Results for each detected band intensity were normalized to b-Actin band intensity values. RNA only samples that gave completely negative results in PCR without reverse transcriptase were used to rule out the presence of genomic DNA contamination.
Statistical analysis
The data were expressed as mean ± SD and analyzed by the SPSS 13.0 software to evaluate the statistical difference. One-way or two-way ANOVA followed by the appropriate post hoc test (Bonferroni) was used to establish whether significant differences existed among groups. For confirming the synergistic effect between matrine and celecoxib, trichostatin A, or rosiglitazone, comparison was made by two-way ANOVA followed by Bonferroni post hoc test. Values among different treatment groups at different times were compared. Mean concentrations and inhibition (%) are shown for each group; Asterisk P \ 0.05. For all tests, P values less than 0.05 were considered statistically significant. All statistical tests were two-sided.
Results and discussion
Matrine shows in vitro and ex vivo inhibition of proliferation in MDA-MB-231 cells and synergistic activity with anticancer agents against MDA-MB-231 cell proliferation
We first confirmed that matrine reduced the rates of relative proliferation of highly-metastatic human breast cancer cell line MDA-MB-231 in a dose-and time-dependent manner after the cells were treated with matrine at 1-250 lg/mL for 24, 48 and 72 h, respectively (Fig. 1B) . The ex vivo assay showed that the rabbit sera obtained 0.5 and 1 h after oral intubation of matrine significantly reduced the rate of relative proliferation of MDA-MB-231 cells after the cells were treated with these sera for 48 and 72 h, while the 2 h rabbit sera did not show the significant inhibitory effect (Fig. 1C) . This result suggests that matrine has a certain bioavailability by oral administration and the peak inhibition of the cancer cell proliferation is at 1 h after oral intubation of matrine. More importantly, matrine displayed synergistic effects with existing anticancer agents such as celecoxib (the inhibitor of COX-2), trichostatin A (the histone deacetylase inhibitor) and rosiglitazone against the proliferation of MDA-MB-231 cells, which enhanced inhibitory activity on cancer cell proliferation more than twice. In addition, the anticancer agents celecoxib, trichostatin A, carmofur, rosiglitazone, lovastatin, navelbine, Ly294002 and Bay showed significant reduction of the relative proliferation rate of MDA-MB-231 cells (Fig. 1D) . These results partially explain why matrine has its therapeutic and/or adjuvant therapeutic effects on treatment for some patients with breast cancer.
Matrine induced apoptosis and cell cycle arrest by reducing the ratios of Bcl-2/Bax protein and mRNA levels in MDA-MB-231 cells To understand the mechanisms of action of matrine against the proliferation in human breast cancer cells, Cytotechnology (2009) 59:219-229 223 we investigated the effects of matrine on apoptosis and cell cycle arrest in the cancer cells as well as the expressions of related protein and mRNA. Hoechst 33258 staining showed that the typical morphological changes, such as formation of apoptotic bodies appeared in both MDA-MB-231 cells after the cells were treated for 48 h with matrine at 100 and 250 lg/ mL, whereas the control cells without matrine treatment did not show the evident apoptotic morphological changes ( Fig. 2A) . Flow cytometric analysis confirmed that matrine at concentrations of 25-250 lg/mL dose-dependently induced apoptosis and cell cycle arrest at the S phase in MDA-MB-231 cells (Fig. 2B) . Furthermore, matrine down-regulated Bcl-2 protein and mRNA levels and up-regulated Bax protein and mRNA levels, eventually leading to the reduction of ratios of Bcl-2/Bax protein ( Fig. 2C1 ) and mRNA ( Fig. 2C2 ) levels in the cancer cells.
There have been studies showing that Bcl-2 and its dominant inhibitor Bax are key regulators of cell proliferation and apoptosis. Overexpression of Bcl-2 enhances cell survival by suppressing apoptosis, but overexpression of Bax accelerates cell death (Oltvai et al. 1993 ). Induction of apoptosis and cell cycle arrest and decrease in the ratios of Bcl-2/Bax protein and mRNA levels by matrine may be one of the important mechanisms of action of matrine against the cancer cell proliferation.
Matrine suppressed the invasion and MMP-9/ MMP-2 activation and reduced the mRNA levels of MMP-9, MMP-2, EGF, and VEGFR1 in MDA-MB-231 cells
The presence of metastasis is the main cause of morbidity and mortality in millions of patients with cancer. During the complicated process of metastasis, the invasion of cancer cells is the most important and figure. The protein expressions (C1) and mRNA levels (C2) of Bcl-2 and Bax were analyzed by Western blotting and RT-PCR, respectively. ß-Actin was used as a sample loading control. The ratio of Bcl-2 and Bax, (the ratio of relative density of each band normalized to b-actin), shown as mean ± SD (Bar) is relative to that of 0 (0.1% DMSO vehicle) as the control (designated as 1.0). For one experiment, 3 assays were carried out and only one set of gels is shown. * P \ 0.05 characteristic step. Clearly, an agent which could efficiently inhibit the proliferation and invasion of cancer cells would be a hopeful candidate to suppress cancer progression and metastasis and thus could reduce mortality. Therefore, we examined the effects of matrine on the invasion and related factors in cancer cells. The invasion assay indicated that matrine at 50-100 lg/mL significantly suppressed the invasion of MDA-MB-231 cells (Fig. 3A, B) . In addition, Ly294002 and Bay significantly reduced the MDA-MB-231 invasion (data not shown). The gelatin zymography analysis further demonstrated that the activation of active MMP-9, and MMP-9/MMP-2 zymogens in the supernatants of invading MDA-MB-231 cells was significantly suppressed by matrine at 25-100 lg/mL (Fig. 3C) . Moreover, RT-PCR detection indicated that matrine at 50-100 lg/mL significantly down-regulated the mRNA levels of MMP-9, MMP-2, VEGFR1 and EGF in MDA-MB-231 cells in vitro (Fig. 3D1) . The rabbit sera obtained 1 h after oral intubation of matrine for 3 days significantly reduced the mRNA levels of MMP-9, MMP-2, VEGFR1 and EGF in MDA-MB-231 cells ex vivo (Fig. 3D2) . These results suggest that the inhibition of invasion and MMP-9/MMP-2 activity as well as the reduction of mRNA levels of MMP-9, MMP-2, VEGFR1 and EGF by matrine may play an important role in the clinical effects of matrine against cancer progression.
Matrine reduced the phosphorylation of Akt and expressions and activity of NF-jB p65 in vitro and/or ex vivo as well as VEGF secretions in MDA-MB-231 cells
Many reports indicated that in Akt signaling, pAkt, NF-jB, EGF, VEGF, VEGFR1, MMP-9 and MMP-2 play important roles in promoting proliferation, migration, invasion, angiogenesis, and metastasis of cancer cells (Price et al. 1999; Helbig et al. 2003; Rolli et al. 2003; Koivunen et al.1999; Kletsas et al. 2000; John and Tuszynski 2001; Shibata et al. 2002; Gibson et al. 2002; Lee et al. 2007 ). Thus, we next investigated if the suppression of the cancer cell shown as mean ± SD is relative to that of 0 lg/mL (0.1% DMSO vehicle) or 0 h as the control (designated as 100%). Ly (Ly294002) and Bay are the inhibitors of PI3 K/Akt and NF-jB, respectively. For one experiment, 3 assays were carried out and only one set of gels is shown. * P \ 0.05 proliferation and invasion by matrine is associated with Akt signaling. Western blot analysis confirmed that matrine at 25-100 lg/mL and the positive control Ly294002 (the inhibitor of PI3 K/Akt) and Bay (the inhibitor of NF-jB) significantly suppressed the phosphorylation of Akt (Fig. 4A ) and NF-jB p-65 expression (Fig. 4B ) in MDA-MB-231 cells in vitro. The rabbit sera obtained 0.5 and 1 h after oral intubation of matrine also significantly suppressed the phosphorylation of Akt (Fig. 4A) and NF-jB p-65 expression (Fig. 4B ) in MDA-MB-231 cells ex vivo. Furthermore, the result of EMSA indicated that matrine at 50-250 lg/mL dose-dependently and significantly suppressed the activity of NF-jB p65 DNA binding (Fig. 5A ) in MDA-MB-231 cells in vitro. In addition, matrine also displayed synergistic effects with anticancer agents celecoxib, trichostatin A, and rosiglitazone on reducing VEGF secretion in MDA-MB-231 cells (Fig. 5B) . The anticancer agents celecoxib, trichostatin A, carmofur, rosiglitazone, lovastatin, Ly294002 and Bay also reduced VEGF secretion in MDA-MB-231 cells (Fig. 5B) . These results suggest that the suppression of the cancer cell proliferation and invasion by matrine is associated with the inhibition of Akt signaling and its upstream targets such as EGF, VEGF and VEGFR1, and downstream targets such as NF-jB p-65, Bcl-2/Bax, MMP-9 and MMP-2 in the breast cancer cells. There have been studies reporting that EGF, VEGF and VEGFR1 protect from apoptosis in MDA-MB-231 cells (Gibson et al. 2002; Lee et al. 2007 ). EGF and NF-jB promote migration of breast cancer cells Values with different letters (a-g) differ significantly (P \ 0.05). f/s, e/s and g/s represent the significant synergistic effects (MA50 ? S20, P \ 0.001; MA100 ? S20, P \ 0.001, twoway ANOVA; MA50 ? T50, P \ 0.001; MA100 ? T50, two-way ANOVA; MA100 ? Ro10, P \ 0.001, two-way ANOVA) compared with the treatment with its individual compound alone Cytotechnology (2009) 59:219-229 227 (Price et al. 1999; Helbig et al. 2003) . MMP-9 is a NF-jB-regulated gene. MMP-9 and MMP-2 are not only associated with invasion and metastasis but also MMP-9 and VEGF have been implicated in angiogenesis, and hence they are considered to be the therapeutic targets of high priority (Rolli et al. 2003; Koivunen et al. 1999; Mitropoulou et al. 2003) .
Inhibition of NF-jB activity decreases the VEGF mRNA expression in MDA-MB-231 (Shibata et al. 2002) . NF-jB is a nuclear transcription regulator with a specific motif for bcl-2 transcription (Marsden et al. 2002; Wang et al. 1996) . Activation of p-Akt and the NF-jB/bcl-2 pathway leads to inhibition of chemotherapy-induced apoptosis, which results in treatment resistance (Wang et al. 1996) . Therefore, the p-Akt, NF-jB, Bcl-2/Bax, EGF, MMP-9, MMP-2, VEGF and VEGFR1 in the Akt signaling have become the important targets of action by anticancer agents against the proliferation, invasion, angiogenesis and metastasis in cancer cells (Price et al. 1999; Helbig et al. 2003; Rolli et al. 2003; Koivunen et al. 1999; John and Tuszynski 2001; Gibson et al. 2002; Mitropoulou et al. 2003; Wang et al. 1996; Emi et al. 2005) . Our present results have demonstrated that matrine significantly inhibits these important targets in the Akt signaling that is associated with the proliferation and invasion of MDA-MB-231 cells. These results suggest that the inhibition of both VEGF excretion and activation of pro-MMP-9/MMP-2 (z-MMP-9/z-MMP-2) and active MMP-9 as well as the reduction of MMP-9/MMP-2 mRNA levels by matrine may be one of the mechanisms of action of matrine against the proliferation and invasion of MDA-MB-231 cells. In addition, the suppression of the phosphorylation of p-Akt and the expression and activity of NF-jB as well as the EGF/VEGFR1 mRNA levels by matrine may also be the important mechanisms of action of matrine against the proliferation and invasion of the human breast cancer cells. Abnormal proliferation and metastasis of cancer cells are regarded as the important biological characteristics of cancers. Our present results have confirmed that matrine significantly suppressed the proliferation and invasion of highly-metastatic human breast cancer MDA-MB-231 cells by affecting the expressions of Bcl-2/Bax/VEGF/p-Akt/NF-jB proteins and MMP-9/MMP-2/Bcl-2/Bax/EGF/VEGFR1 mRNA as well as activation of MMP-9/MMP-2 in the Akt signaling. The sera from matrine-fed rabbits also showed ex vivo inhibitory effects on the proliferation of MDA-MB-231 cells by affecting these protein and mRNA levels in the Akt signaling. Moreover, matrine displayed synergistic effects with the anticancer agents against the proliferation and VEGF excretion in MDA-MB-231 cells. All these findings suggest that matrine may have a wide therapeutic and/or adjuvant therapeutic application in the treatment of human breast cancer; the mechanisms of action of matrine against cancer cell proliferation and invasion are associated with the EGF/VEGF-VEGFR1-Akt-NF-jB signaling.
